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Abstract 

We examine the sensitivity of flavor changing neutral current (FCNC) pro- 
cesses to anomalous triple gauge boson couplings. We show that in the non-linear 
realization of the electroweak symmetry breaking sector these processes are very 
sensitive to two CP conserving anomalous couplings. A clean separation of their 
effects is possible in the next round of experiments probing 6 — > 57 and b — > si~^i~ 
processes, as well as kaon decays such as — > ir^ui?. The obtained sensitivity is 
found to be competitive with that of direct measurements at high energy colliders. 
In particular, for one of the WW Z couplings the one-loop FCNC effects are en- 
hanced by a logarithmic dependence on the scale of new physics. We also explore 
the potential signals of CP violating anomalous triple gauge boson couplings in 
rare B decays. 
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1 Introduction 



The remarkable experimental success of the standard model (SM) suggests the possibility 
that at the weak scale there may be no other dynamics or particle content. On the 
other hand, several questions remain unanswered within the SM framework and may 
require new dynamics in order to be addressed. Among these questions are the origin of 
electroweak symmetry breaking and of fermion masses. In principle, it could be argued 
that the energy scales of the new dynamics related to these questions may be so large as 
to be irrelevant to observables at the weak scale. However, it is known that the physics 
behind the Higgs sector and responsible for the breaking of the electroweak symmetry, 
cannot reside at scales much higher than a few TeV. Furthermore, it is possible that 
the origin of the top quark mass might be related to electroweak symmetry breaking. 
Thus, at least in some cases, the dynamics associated with new physics may not reside 
at arbitrarily high energies and there might be observable effects at lower energies. In 
cases where the underlying dynamics is not known or fully understood, the study of these 
non- decoupling effects is the realm of effective field theory. The non-decoupling effects of 
the Higgs mechanism in the electroweak symmetry breaking (EWSM) sector of the SM 
have been vastly studied in the literature [|l], ^ ^. In order to write down the effective 
theory at energies well below the new physics scale A, all states with masses above A 
must be integrated out. The result is an effective field theory for the gauge bosons of 
the electroweak gauge group and the Nambu-Goldstone bosons (NGB) associated with 
the spontaneous breaking of SU{2)l x U{1)y down to t/(l)EM- The effective theory at 
weak scale energies and below is in general non-renormalizable. However, it is possible to 
expand it in terms of the increasing dimension of the operators: the higher the dimension 
of the operator the higher the inverse power of A suppressing its effects. Up to a given 
order (e.g. operators of dimension six, eight, etc. ) it is possible to obtain a predictive 
effective theory. The effects of the physics above the scale A are encoded in the values 
of the coefficients of the higher- dimension operators. 

We will concentrate on a scenario without scalars with masses below A. This choice 
is motivated by the fact that the presence of a light scalar is usually either accompanied 
by other new particles with masses of the order of the weak scale (e.g. supersymmetry) 
or allows for the scale of new physics to be very large |Q , thereby resulting in suppressed 
effects. This scenario is most appropriately described by a Higgs sector with non-linear 
transformation properties 0. However, as we will see below, for the most part our 
results will be independent of this choice. We will stress the relevance of using the 
non-linear realization when necessary. 

Important constraints on deviations from the SM through the coefficients of the effec- 
tive Lagrangian of the EWSB sector come from electroweak observables at the weak scale. 
For instance, non-standard contributions to two-point functions are severely constrained 
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by oblique parameters as measured at the Z-pole [|]. Contributions to anomalous triple 
gauge-boson couplings (TGC) are bound by measurements of gauge boson production 
at LEPII and the Tevatron [|^ as well as by indirect measurements [|], whereas 
anomalous quartic couplings give one-loop contributions to oblique parameters. Finally, 
there is a set of operators in the EWSB sector that amounts to corrections to the NGB 
propagators and that result in four-fermion operators coupling to fermion masses. These 
are not bound at one-loop by oblique corrections, but by their contributions to vertices 
through top-quark loops |jlO|, |Tl[ . 

We are interested in evaluating the sensitivity of FCNC decay processes at low en- 
ergies, such as loop-induced B and K decays, to new dynamics in the EWSB sector 
residing above the scale A. These processes , such as 6 — > 57, b — > si^i^, K — > tivv, 
etc., are affected in principle by all non-standard couplings of the gauge bosons and the 
NGB. In practice, since oblique corrections are directly probed with high precision at 
the Z pole, the corrections to two-point functions are already highly constrained and 
will give no effect when included in the one-loop processes named above. Moreover, 
non-standard quartic gauge boson couplings do not enter in these decays to leading 
order. Thus, we are left with two sources of deviations from the SM expectations in 
these modes: corrections to the NGB propagators and anomalous TGC. In Ref. [jll| the 
sensitivity of rare B and K decays to the corrections to NGB propagators was studied. 
It was there concluded that within the constraints imposed on the effective lagrangian 
parameters by the measurements of and B and K mixing large deviations from the 
SM were still possible in most FCNC decay modes, with the exception of 6 — > 57 and 
h d'y. In this paper, we want to evaluate the sensitivity of these decay modes to 
anomalous TGC originated, through the effective lagrangian, at energies above A. 

The effects of anomalous TGC in rare B decays have been previously studied in the 
literature. For instance, the effects of the dimension four anomalous WW'j coupling 
Ak^ in 6 — i> 57 transitions were first considered in \T2\, whereas this plus the dimension 
six coupling where studied in |]TB|, |T1|. These plus the corresponding CP violating 



couplings and their effects in the b —>■ s'j branching fractions were also considered in [^. 
Finally, the anomalous WWZ couplings and their effects in 6 — > sfi'^fi' were studied 
in Ref. fl^. In this paper, we use the power counting of the non-linear realization 
of the EWSB sector to organize the anomalous TGC according to the dimension of 
the operator generating them in the effective theory. This will identify the relevant 
anomalous TGC in scenarios where the EWSB sector is strongly coupled. We will see 
that in these cases, FCNC transitions are very sensitive to one WW'j and one WWZ 
anomalous couplings, thus offering very well defined constraints on the strongly coupled 
EWSB sector that are competitive, for these couplings, to those obtained at higher 
energies. We also add the constraints from present and future measurements of rare 
kaon decays such as — > tt+z/P. Previous studies of the effects of anomalous TGC 
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couplings in rare K decays were done for K i^i^ decays [0, a mode largely affected 
by long distance contributions, and for —>■ n^uu by considering the effects of a parity 
violating anomalous TGC coupling [||. In this paper we study the effects of the two 
relevant couplings and put the effects in the context of the a specific scenario for EWSB 
and with the effects in B decays. We complete the analysis by considering the effects of 
CP violating TGC in rare B decays, both in the rate as well as in CP asymmetries. 

The purpose of this work is to evaluate the sensitivity of future B and K experiments 
to anomalous TGC in the context of a strongly coupled EWSB sector. Although model- 
independent in nature, this context results in a hierarchy of anomalous TGC related to 
the power counting in the resulting effective theory. A complete treatment of the effects 
of this scenario in rare B and K decays is lacking in the literature. This forms part 
of a program started in Ref. |]TT|, intended to explore the reach of sensitivity processes 
like the ones discussed here to a strongly coupled EWSB sector. It is possible that in 
a scenario like this one direct signals will not become available until the CERN Large 
Hadron Collider (LHC) begins taking data. We also evaluate the competitiveness of 
these measurements with the direct measurements at higher energies to take place at 
the CERN-LEPII and the Fermilab-Tevatron colliders. We find these two approaches 
complementary largely due to the fact that the rare decay modes are selectively sensitive 
to a handful of anomalous TGC allowing independent measurements of these couplings. 
In the next Section we review the non-linear realization of the effective lagrangian of 
the EWSB sector in relation to anomalous TGC. In Section 3 we compute the effects in 
rare B and K decays and we discuss the results and conclude in Section 4. 



2 The Effective Lagrangian and Anomalous TGC 

In the absence of a light Higgs boson the symmetry breaking sector is represented by 
a non-renormalizable effective lagrangian corresponding to the non-linear realization of 
the a model. The essential feature is the spontaneous breaking of the global symmetry 
SU{2)l X SU(2)r SU{2)v. To leading order the interactions involving the NGB 
associated with this mechanism and the gauge fields are described by 

Clo = --^B^^uB^"" - ^Tr [W^^W^^] + ^Tr [d.U^D^'U] , (1) 

where B^^ and W^^ = d^W^ - d^W^ + ig [W^, W^] are the the f/(l)y and SU{2)l field 
strengths respectively, the electroweak scale is f ~ 246 GeV and the NGB enter through 
the matrices U{x) = e^'^^^)"^"/'". The covariant derivative acting on U{x) is given by 
D^U{x) = d^U{x) + igWf^{x)U{x) — ^g' B ^{x)U {x)t^. To this order there are no free 
parameters once the gauge bosons masses are fixed. The dependence on the dynamics 
underlying the strong symmetry breaking sector appears at next-to-leading order. A 
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complete set of operators at next to leading order includes one operator of dimension 
two and operators of dimension four |1|, 0]. The effective lagrangian to next to leading 
order is given by (see the Appendix for the expanded operator basis) 
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-^^eff. = i^LO + + ^ (^i^i 1 (2) 



i=l 



where C'^ is a dimension two custodial symmetry violating term absent in the heavy 
Higgs limit of the SM. If we restrict ourselves to CP invariant structures, there remain 
fourteen operators of dimension four. As it was mentioned above, the coefficients of some 
of these operators are constrained by low energy observables. For instance precision 
electroweak observables bound the coefficient of which gives a contribution to Ap. 
The combinations (ai + as) and (ai + ais) contribute to the oblique parameters S and 
U, defined in 0. Corrections to the charged and neutral NGB propagators come from 
the operators Cu and C12 respectively. Their effects in B and K FCNC processes were 
studied in Ref. |]rT|. The coefficients 0:2, 0:3, ag and modify the TGC and are the 
object of our study. 

Imposing CP conservation^, the most general form of the WWN {N = 7, Z) cou- 
plings can be written as |jl8| 



JO-wwn = gwwN{^^NWlW,N^''' + tg^ [WIW^N" -W^^W^^N") 

+gU^''"'iWld,W, - W,d,Wl)N„ + ^^wlW\N''>^^ , (3) 

with the conventional choices being gww-) = — e and gwwz = —gcos9. In principle, 
there are six free parameters, since gauge invariance implies A^f^*^ = g2 = 0. Making 
contact with the electroweak lagrangian (|^), these parameters can be expressed in terms 
of the next-to-leading order coefficients Q 

-- g'^{a2 — ai + a-s — as + ag) 
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g (as - as + ag) + g' (ai - 02) 

g' 

-as 



cos^ 6w 
-,2 



g 

a 14 



cos^ 6w 

- 0, (4) 

where g and g' are the SU (2) ^ and U (l)y gauge couplings respectively, and the operator 
basis is the one defined in M]- As we see from the last line in M), to this order in the 



^We discuss possible effects from CP violating anomalous TGC later in the paper. 
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energy expansion we obtain Aat = 0. These TGC get contributions from operators of 
dimension six, suppressed by an extra factor of (f^/A^). We are left with k^, k^, and 
. Finally, when considering rare B and K decays, we can neglect the contributions 
from Kz since they will be suppressed by powers of the squared of the external momenta 
over m|. Thus, in this approach, there are only three parameters relevant at very low 
energies. The SM predictions for them 1 and (yff = 0. 



3 The Effects in FCNC Decays 

The presence of the anomalous TGC Ak^, ^gf and g^ will result in deviations from the 
SM in various FCNC B and K decays [|. We first concentrate on rare B decays, with 
focus on strategies to make use of large data samples for the various modes. We then 
present the constraints from vr+z/z/ measurements, and finally study the possible 

effects of CP violating anomalous TGC. 



3.1 Rare B Decays 

For the b ^ s'-f and b si~^i~ transitions it is useful to cast the contributions of 
the anomalous couplings as shifts in the matching conditions at Mw for the Wilson 
coefficient functions in the weak effective hamiltonian 

AC ^° 

^cfr. = -^EC.(/i)0.(/i), (5) 



with the operator basis defined in Ref. [21]. Of interest in our analysis are the electro- 
magnetic penguin operator 

Oj = j^mt {sLCxM F^^ , (6) 

and the four-fermion operators corresponding to the vector and axial-vector couplings 
to leptons, 

o, = -^,{sLl,bL){lY^) (7) 

and 

Oio = t|^(3l7A)(^7^5^). (8) 



Charm FCNC decays are generally affected by large long-distance contributions that tend to obscure 
the extraction of short distance physics. Although there are some exceptions to this statement, the 



effects of anomalous TGC are not among them 20 
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We first turn to the effects of Ak^ in 6 — 57 and b — » s£^i^ transitions. This 
modification of the W~^W~'j couphng gives a shift in the one-loop b ^ vertex, with 
(g = d,s). For q = s this is given by 



-5C>,{Mw) SL 



q 7m 



(9) 



where q^ is the photon four-momentum, only the top quark contributions are kept and 
terms suppressed by rris/mi, have been neglected. These shifts in the Wilson coefficients 
at Mw are given by 



6C7{Mw) 

with Xt = m^/My^. The functions Ai{x) and A2{x) are given by [12 



AAx) 



X 

2 



2x 



:i-x) 



(3-x) , 
+ -k ^rlnx 



and 



A^ix) 



X 

'4 



(1 - 5a;) ^ (7_ 



l-x) 



\hx + Ax 



Inx 



(10) 
(11) 



(12) 



(13) 



[l-xf {l-xf 

In the language of the effective hamiltonian formalism these contributions translate into 
modifications of the matching conditions for the Wilson coefficient functions C7 and 
Cg at the scale My/. The first term in (|^) modifies C-j{My/) and therefore contributes 
to both b ^ s'-f and b —>■ si~^i~, whereas the second term only enters in the off-shell 
photon amplitude and gives a contribution to Cg{Mw)- The anomalous TGC diagrams 
containing the Ak^ have the same divergent structure as the SM TGC contributions, 
and therefore the GIM mechanism renders them finite by decreasing their degree of 
divergence by one, thus eliminating an initially a logarithmic divergence. 

In order to compute the effects in B decays we evolve the Wilson coefficients down 
to the scale fi c::^ rrib using standard procedures |2T]. In Fig. we plot the b sj 
branching fraction as a function of An^. Also shown for reference are the la intervals 
from the latest measurements of the CLEO collaboration [^]: Br{b 57) = (2.50 ± 
0.47 ± 0.39) X 10~^, as well as from the ALEPH collaboration Br{b 57) = 

(3.11 ± 0.80 ± 0.72) X 10~^. Combining these two results gives an approximate la 
interval for An^ (—0.20, 0.20). Future measurements of the b ^ s'-f branching ratio will 
greatly improve these constraints. For instance, a 20% measurement of the b ^ s'y 
branching ratio would translate into the more stringent la bound —0.15 < Ak^ < 0.15, 
if centered at the SM prediction. 
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The dilepton modes b — >■ s£^i~ receive contributions from Ak,^ through both SCj and 
SCg. In Fig. ^ the branching ratio Br{b si~^i~), normahzed by the SM value, is 
plotted versus Ak^. Although the sensitivity of these decay channels is similar to the 
one obtained in 6 ^ 57, the bounds are somewhat less stringent. This is more so when 
we consider that, unlike in 6 ^ S7, other anomalous TGC may significantly affect this 
amplitude. However, we will later come back to this point to show that it is possible 
to cleanly separate the contributions from the various relevant couplings even if only 
b —>■ si^i~ decays are considered. 

The sensitivity of these rare B decays to An^ is certainly comparable to that of higher 
energy experiments such as LEPII and the Tevatron. For instance the 95% CL. limits 
from LEPII combining the data taken at 162 GeV and at 172 GeV {10pb~^ at each 
energy) are (—1.10,1.80). On the other hand, the most recent measurements at the 
Fermilab Tevatron |^ put this coupling in the range (—0.36, 0.45). The Tevatron bounds 
depend on the scale of suppression introduced with the momentum dependence of the 
couplings, necessary to respect unitarity constraints. Both the Tevatron and the LEP 
bounds are obtained within a certain set of assumptions. Future LEPII measurements 
at higher energies, as well as Tevatron measurements with higher luminosity, will result 
in bounds similar to the ones that will be obtained from FCNC processes named above. 

We now turn to the effects of Ag^ , an anomalous W^W^ Z coupling. Its presence 
affects the b — > qi~^i~ amplitude as well as the one of the neutrino modes b —>■ qvv and 
K — > TTvv. The modes governed by 6 ^ sl^l^ are the most accessible experimentally 
among the B processes. Unlike the Ak^ contribution, the diagrams including Agf are 
still divergent, even after summing over all the intermediate up-quark states. This diver- 
gence originates in the contributions from the longitudinal pieces in the W propagator 
and reflects the non-decoupling behavior of the Higgs sector. This logarithmic depen- 
dence of the loop effect on the high energy scale A is a manifestation of the dynamics 
above this scale, and is presumably related to electroweak symmetry breaking. Thus, 
this logarithmic enhancement of the one-loop effect of Agf is of a rather fundamental 
origin and makes FCNC particularly sensitive to this anomalous coupling. 

The matching conditions for the Wilson coefficients Cf^i^Mw) and Ciq{Mw) are shifted 
by 

5C,{Mw) = Ag't I ^ :f I {s'e^-^-)B,{xt) (14) 




5Cio(M^) = Agf . (15) 



The function Bi{x) is given simply by the leading logarithmic dependence 

3 , A2 



B,{x) = -x \nj^ + ... . (16) 
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In (|T6D, the dots stand for terms that are finite in the A — oo hmit. These terms are 
regularization scheme dependent and, ahhough formally subleading, could be numeri- 
cally important. However, it is expected that the overall size of the effect is correctly 
estimated by the leading logarithmic behavior, barring precise cancellations with the 
finite terms. Thus, the results we present for Agf are meant to be indicative of the sen- 
sitivity to this coupling but not a precise prediction^, something that cannot be achieved 
without knowledge of the full theory above the energy scale A. The solid line in Fig. ^, 
shows the branching ratio for h — *• s£+£~, normalized to the SM model prediction, as a 
function of Agff , where the high energy scale scale in (pIBf ) is taken to be A = 2 TeV. 
Although at present only upper limits on 6 — > st^l~ processes exist [^, sensitivity to 
the SM predictions is expected to be achieved in the next round of B physics experi- 
ments. For instance, measurements of 6 ^ st^t' branching ratios with 30% accuracy, 
can explore the region |A(7f | < 0.10, a very competitive performance even when com- 
pared with the high energy machines. For instance, LEPII is expected to just explore 



this region ||2^, whereas the Tevatron experiments, assuming an integrated luminosity 
of 1/fe-S will bound A^f to be in the interval (-0.18,0.48) p^. The main difference 
between these measurements and the FCNC decay modes is that the latter have an 
additional dependence on A from the logarithmic divergence. 

Next, we study the effects of the C and P violating but CP conserving coupling 
. These are simply obtained by the replacement lS.glB\{xt) — > g^B^ixt) in eqns. (0) 
and (|T3]), where B2{x) is given by 

B,W = -J^(l + ^) . (17) 

1 — x\ 1 — X J 

Unlike the contribution from Agf , the resulting loop amplitude is finite, due to the fact 
that the e^j^po- tensor accompanying g^ does not couple to the longitudinal portion of the 
W propagators. As a result, the contributions from this parameter to one- loop FCNC 
processes are not sensitive to the scale A. This, in turn, implies that in this case there 
is no logarithmic enhancement as in the case of the Agf contribution and that these 
processes are not very sensitive to this coefficient, as can be seen from the dashed line 
in Fig. ^. This is in agreement with the conclusions of Ref . . 

From the above results, we conclude that B decay processes involving one-loop FCNC 
are most sensitive to two CP conserving anomalous TGC, namely Ak^ and Agf . As we 
will see below, the analogous K decay modes have a similar sensitivity to Agf . This is 
an important difference with the the high energy searches for these effects, where the 
experiments are sensitive to several parameters giving room to possible cancellations 

§In reference this contribution was computed in the unitary gauge, and the scheme dependent 
terms were kept. Here we argue that only the logarithmic divergence can be trusted. The dependence 
on the scale A is common to both results. 
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with the consequent weakening of the bounds. The hmited sensitivity of the low energy 
FCNC transitions permits the clean identification of the anomalous TGC The obvious 
example is the fact that 6 — > S7 is sensitive only to Ak^, among the CP conserving 
couplings. However, even when only considering b si'^i~ , processes, where both Ak^ 
and Agf contribute, it is possible to separate their effects. This results from a very 
distinct pattern of shifts of the short distance Wilson coefficients. As it can be seen 
in (p!4D, the shift in the coefficient Cg^Miy) will be negligible due to the suppression 
factor (sin^ 6*^ — 1/4), whereas this is not the case for Ciq{Mw)- This is reflected in 
Fig. ^, where we plot the forward-backward asymmetry for leptons in B —>■ K*i~^i~ 
as a function of the dilepton mass. The asymmetry has a zero the position of which 
depends on the values of C7 and Cg, but not on Cio Thus, values of Agf resulting 
in large deviations of the branching fractions in b —>■ si~^i~ decays, do not change the 
position of the asymmetry zero. On the other hand, non-zero values of Akj affect both 
C7 and Cg shifting the position where the asymmetry vanishes. In this way the angular 
information makes possible the separation between Ak,^ and Agf effects that otherwise 
could be unresolvable in the branching ratio or even in the dilepton mass distribution. 



3.2 Rare K Decays 

Effects similar to those discussed above for B decays are present in the analogous K 
processes, due to the one loop contributions to the s ^ d'y and s — > dZ vertices. The 
photon mediated transitions, such as K ^ 7T£^i~ and hyperon radiative decays, are 
largely affected by long distance contributions which are theoretically uncertain and 
make difficult the extraction of interesting short distance information. On the other 
hand, s —>■ dvv transitions such as — > vr and —>■ n^uu are theoretically 
cleaner. There are two diagrams contributing to these processes, the box and the s — > dZ 
penguin. The latter is sensitive to Agf and gf . The anomalous contribution to the 
s — > duu amplitude can be written as 

5Ais ^ di^u) = V:,V,s {Agf B,{x,)+gl B,{x,)) (47m^l)(^l7'^^l) , 

(18) 

with the functions -Bi(x) and B2{x) defined in (|16D and ([T7|) . As discussed in the previous 
section, only the effect of Agf is sensitive to the logarithmic dependence on the high 
energy scale A, due to its coupling to the longitudinal gauge bosons. In Fig. || we plot 
the branching fraction for —>■ tt^uu, normalized to the SM expectation, as a function 
of Agf . We observe that this decay mode has a sensitivity to Agf comparable to that 
of the b s£~^£~ decays. However, the effect here is anti-correlated with the analogous 
one in B processes. Currently, this branching ratio is measured to be |^ Br{K~^ 
TT+uu) = (4.2l|^) X 10"^°, whereas the SM prediction is in the range (0.60-1.00) x 10"^° 
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Thus, as it can be seen in Fig. there is room for relatively large values of Agf 
in both B and K FCNC decays. 



3.3 CP Violating Anomalous TGC 

In this section we discuss the possible effects of CP violating TGC. The most general 
form of the CP violating couplings of a neutral gauge boson = 7, Z to a W pair is 



£cpv = gwwN{tiiNWlW,N^''-g^WlWAd''N'' + d''N^) 
A 



WlWl^N^' \ , (19) 



with N^"" = le^'^'^I^N^p. The effects of the ZW^W' CP violating couplings in rare 
B and K decays are suppressed by powers of the typical external momentum divided 
by m|, since all terms in (^) involve derivatives of the Z field. On the other hand, 
the only 'jW~^W~ coupling corresponding to a dimension four operator and satisfying 
gauge invariance is k^, since A-y corresponds to a dimension six operator in the non- 
linear realization. In the effective lagrangian there are eight dimension four operators 
contributing to the various CP violating terms in (|19]). The complete set of CP violating 
operators is given in the Appendix. In that basis, the contributions to 

= 2g^ (-ai6 - Aan) . (20) 

The contributions to 6 — 57 and b si~^i~ take the form of complex shifts of the 
Wilson coefficients Cj and Cg. The CP violating contribution to the coefficient of the 
magnetic moment operator s^a^yhR takes the form 

Cj{Mw) = C^'^iMw) - '-k, A,{xt) , (21) 



where the function Ai{x) is given in equation ([T^) . On the other hand, the leading order 
contributions from to the second term in equation (^ corresponding to the shift in 
the coefficient Cq{Mw), are of order 0{ml/M^) and therefore negligible. 

The contribution to Ci{Mw) results always in a constructive effect in the b ^ sj 
branching ratio, since there is no interference with the SM. This translates into a rather 
tight bound on k^, as it can be seen from Fig. ^ Taking the 95% C.L. upper bound 
from the CLEO result, for instance, constrains this coupling to be in the range 

- 0.60 < k^ < 0.60 . (22) 



The b si i modes give looser bounds. More stringent bounds than these come 
from the upper limits on the EDM of the neutron PT|, giving the constraint \ky\ < 
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(2 — 3) X 10^^. The neutron EDM bound is sensitive to the cutoff A in the same 
way the /\gf contributions to rare B and K decays are. On the other hand, the present 
bounds are cutoff independent by virtue of the GIM cancellation. Direct limits at hadron 
colliders are similar to the ones to be obtained in 6 — > 57. For instance, in Ref. P2| is 
is estimated that the Tevatron with an integrated luminosity of Ifb^^, will result in the 
bound \k^\ < 0.33. 

Taking into account the bound from (p^), we now consider possible CP violating ob- 
servables. In the SM, CP violating asymmetries in 6 — c/7 and b — di'^i" are expected 
to be in the few percent range On the other hand, they are negligibly small in the 
corresponding 6 — > s transitions, due to an extra factor of the Cabibbo angle. Thus, 
processes with strange mesons, such a.s B —>■ Ki~^i~ , are free of SM sources of CP viola- 
tion. For a partial rate asymmetry to arise, it is necessary that a CP-invariant phase be 
present in the amplitude. In the case of b s transitions this is provided, for instance, 
by the imaginary part of the one-loop insertion of the four-fermion operators such as 
(sl7^cl)(cl7'^6l) in the b S'j^*^ vertex. The mixing of this operator with Og results 

mm 

Cf- = Cgim,) + gis) (3Ci + + SC^ + C, + 3C, + C^) , (23) 

where the coefficients of the four-quark operators can be found in reference and the 
function g{s) is given by 

16^2 

Y~ 

2 1/4^2/5^ — 1 arctan(-7=) ,for s < Ami 



--hiz^ H 

9 27 



2 / Az^' 



1 - 4zVs2 



In 



L+^l_422/«^ 



27r 



(24) 



, for s > Ami 



where z = mc/mi,. The imaginary part present in (0), in combination with the CP 
violating phase coming from k^, results in a small CP asymmetry. For instance, when 
the constraint from equation (^2]) is considered, the partial rate CP asymmetries in 
B — > Ki'^i' are bound to be 

r(B+ ^ K+e+e-) - r{B- K-i+t 



Acp{B-^Kt 



^ 1% 



(25) 



V{B+ K+i+i-) + T{B- K- 

Similar asymmetries are obtained in other strange meson modes, such as K", -ft'*,etc. 
Given the suppression of the SM asymmetries observation of CP violation at this level 
would indicate the presence of new physics. On the other hand, several thousand recon- 
structed events would be needed for a significant measurement. We therefore conclude 
that the experimental observation of the effects of CP violating anomalous TGC is be- 
yond the capabilities of first generation B factories, where only a few hundred events 
are expected in these decay channels. 
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4 Conclusions 



We have carried out a comprehensive study of the effects of anomalous TGC in FCNC 
B and K decays. We have seen that these processes are sensitive to two CP conserving 
couphngs, Ak,^ and Agf , as well as to the CP violating coupling k^. The reach of the 
next round of measurements at B physics experiments such as Babar, Belle, CDF and 
DO will put bounds on the CP conserving couplings that are comparable to the limits to 
be obtained from direct gauge boson production at LEPII and an upgraded Tevatron. 
For comparison, in Table I we quote the 95% C.L. bounds on An^ and Agf projected 
for LEPII I^B] at 190 GeV and with 500 fb^^ of integrated luminosity, as well as the 
limits for an upgraded Tevatron ETf with 1 fb~^. 



For the future bounds from FCNC B decays, we use very conservative estimates of 
la bounds that include current theoretical uncertainties present in the calculation of 
these modes. For instance, as mentioned earlier and can be seen from Fig. |l|, a 20% 
measurement of the 6 — > 57 branching ratio would bound Ak,^ to be in the range 
(—0.15,0.15). For the bounds on Agf, we rely on the projections for various b 
s£~^£~ decay modes to be observed at B experiments at the SM level. For instance, 
several hundred events in the B —>■ K*i^i~^ channel will be available at the Tevatron 
experiments in the incoming run. This will allow not only tight bounds from the effect 
in the rate (Fig. H) but also the clean separation of the Agf coupling from possible 
effects from anomalous WW'y couplings by analyzing dilepton angular information. The 
forward-backward asymmetry for leptons shown in Fig. ^is an example of this separation: 
the position of the asymmetry zero is immune to Agf , whereas it is very sensitive to 
changes in the WW'-f couplings. On the other hand, it is possible to extract the short 
distance information from these exclusive modes by using a variety of techniques mostly 
related to heavy and light quark symmetry arguments, and with relatively small hadronic 
uncertainties 

The limits on Agf can be further improved by future measurements of the n^uu 
branching fraction. This mode is as sensitive to the WW Z anomalous coupling as the 
b si'^i~ modes, with the advantage that it is not polluted by the WWj couplings. 



Table I. Comparison of bounds on Anomalous TGC. 




LEPII 
190 GeV 


Tevatron Runll 
1 fb-i 


FCNC 
Decays 


Ak^ 


(-0.25,0.40) 
(-0.08,0.08) 


(-0.38,0.38) 
(-0.18,0.48) 
(-0.33,0.33) 


(-0.20,0.20) 
(-0.10,0.10) 
(-0.50,0.50) 
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We have also studied the effects of CP violating anomalous TGC, among which only 
is of relevance in FCNC decays. As seen in Fig. the current la bound from the 
b ^ s'j branching ratio measurement is —0.60 < < 0.60. Thus, the range quoted in 
Table I is a rather conservative estimate of what can be achieved by the next generation 
measurements of this decay channel. It compares well with what can be obtained by 
direct measurements, for instance, through W'y production at the Tevatron [Q. 

On the other hand, we have seen that the identification of an effect in the radiative 
channels as coming from a CP violating coupling would require measurements of CP 
asymmetries below 1%. This can only be obtained with several thousand reconstructed 
events in channels such as — > Ki^i~, a goal that is beyond the first generation 
B factories and perhaps to be attained by future dedicated B experiments at hadron 
colliders, such as the LHC-B at CERN or BTeV at the Tevatron. 

We now briefly discuss the potential impact of these bounds on our understanding 
of the EWSB sector of the SM. As mentioned earlier, we focused on the non-linear 
realization of the EWSB sector, which is the appropriate description in the absence of 
scalars with masses below the cutoff A. Within this framework the anomalous TGC 
and Xz vanish at next-to- leading order in the effective theory (Q), since they correspond 
to operators that are suppressed by f^/A^ relative to the dimension four set {Ci}. The 
only consequence this power counting has in the analysis of low energy signals such as 
FCNC B and K decays, is the vanishing of the contributions, since the Xz effects 
are suppressed by the factor /M"^ and are therefore negligible in any description of 
the EWSB sector. Thus, as far as the anomalous WW Z couplings are concerned, the 
present analysis is valid in both the linear and non-linear realizations. 

The effects of the coupling A^ff in FCNC processes are enhanced by a logarithmic 
dependence on the high energy scale A. In the effective field theory language this lead- 
ing logarithm coexists with finite counterterms which are naturally of comparable size. 
As discussed in Section 3 in relation to eqn. (|TBp, the finite counterterms are model- 
dependent whereas the coefficient of the leading logarithm is determined at low ener- 
gies independently of the specific theory above the scale A. Thus, although not the 
full answer, the logarithmic dependence provides us with the correct size of the effect, 
implying that the limits on Agf should be considered rough estimates of the effects, 
designed to evaluate the sensitivity of a given experiment to this physics. Furthermore, 
this logarithmically divergent behavior with the scale A arises as a consequence of the 
contributions of longitudinal components of W^ in the loops, and is a manifestation of 
the non-standard behavior of the NGB of the electroweak symmetry breaking. All other 
anomalous TGC give finite one-loop contributions to FCNC processes due to the GIM 
mechanism and the fact that they only couple to the transverse piece of the gauge boson 
propagators. The GIM cancellation ensures that the bounds obtained on Ak^ and 
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are more precise. Therefore the bounds from rare B and K decays on Agf will be less 
precise (perhaps good up to factors of two or so), but is the coupling to which FCNC B 
and K decays are most sensitive and potentially the most interesting one. 

With respect to the expected size of the effects, we emphasize that the present study is 
model- independent and that to compute the coefficients {ofj} of the effective lagrangian 
knowledge of the full theory above the matching scale A is needed. However, it is pos- 
sible to apply dimensional arguments to these couplings. For instance, naive dimensional 
analysis (NDA) suggests that 

a. ^ 0{1) X ^ , (26) 

with the scale of new physics obeying A ^ 4ttv. However, in practice this power counting 
can only be applied to those coefficients that respect the custodial SU{2) symmetry that 
ensures that Ap* = aT is small compared to one. As discussed in Ref . , this constraint 
implies that custodial breaking terms in £efr. should naturally be further suppressed by 
an extra factor of (9(10~^) or so. In terms of the anomalous TGC this means that it is 
natural to expect that g'^ is no larger than (9(10"'^ — 10~^) On the other hand, Ak-^ and 
Agf receive contributions from custodial conserving terms and then are expected to be 
in the (9(10~^ — 10~^) range in these scenarios. A sizeable fraction of this range can be 
reached by FCNC processes, which are sensitive to anomalous TGC as small as a few 
percent. For the coefficient Agf this is true even in the first generation of B factory 
experiments and for ~ 30% measurements of the ti^vv branching ratio. For both 

the CP conserving Ak^ and CP violating WW'j anomalous couplings, a few percent 
precision will only be achieved with at least one order of magnitude more reconstructed 
events, to be available at the proposed LHC-B and BTeV experiments. 
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Appendix 



Here we specify the operator basis used for the effective lagrangian of the EWSB sector 
of the SM. Defining 



T = Ut^U\ 



V ^ {D,U)U\ 



(A.l) 



with U and the covariant derivative defined in Section 1, all operators up to dimension 
four that are invariant under SU{2) lxU (l)y can be written in terms of the gauge fields, 
T, and 

V^O = dO + tg[W,,0] . (A.2) 

The dimension two operator C[ = (f ^/4) [Tr(TV^)]^, gives a contribution to the T param- 
eter and thus its coefficient is greatly constrained p[. The CP-invariant dimension-four 
operators of eqn. (0) are given by 



Ci4 



gg'B^,Ti{TW 



1 

2 

Ug'B,,TTiT[V^,V']) 
2(7Tr(W^4V^n) 

Tr(V;,K)Tr(TV^)Tr(TV^) 
Tr(V^\/^)Tr(TK)Tr(Ty^) 

[Tr(Tiy,.)]^ 
I [Tr(Tl^^)Tr(TK)]' 



(A.3) 



Tr 



TT{TVf,V^V'')Tr{TV^ 
^e^^P<xTr(rv;)Tr(KW^, 



pa J 



This CP-conserving basis contains three additional operators with respect to Refer- 
ence 0. The operators £11, £12 and £13 either vanish or can be written as linear 
combinations of the others in the limit of massless fermions, in which V^j^V^ ~ 0. They 
are generally neglected when considering on-shell amplitudes. However, here we will 
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insert these operators in one loop processes. Finally, there are three independent CP 
violating operators, as found in Reference They are 

£i5 = gTr{TV^)TT{KWn 

Cie = gg'e^'""'B^,i:i{TWn (A.4) 
C,s = TT{V^V,VnTr{TV^) 

Only CiQ and £17 contain F^^, terms which then will contribute to k^, as it can be seen 
in eqn. (|20|). The last two operators vanish in the limit of massless fermions, in which 
case the CP violating basis coincides with the one in Reference [Q. 
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Figure 1: The Br[h — > 57) vs. Ak^. The dashed horizontal lines correspond to the la CLEO 
measurement ||2^, whereas the dotted lines are the la measurement from ALEPH |23|. 
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Figure 2: The h — > sd.^ll.'^ branching ratio, normalized to its SM value, plotted vs. Ak^ 
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Figure 3: The b st^t^ branching ratio, normalized to its SM value, vs. A^f (solid line) 
and (dashed line). 
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Figure 4: The forward-backward asymmetry for leptons in B ^ K*£~^£~ , for Agf = 0, 0.1 and 
0.20 (solid, dashed, dot-dashed respectively). Although these give large effects in the branching 
ratio, the position of the asymmetry zero is almost unaffected. 
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Figure 5: The tt^uu branching ratio, normalized to the SM prediction, plotted vs. the 

anomalous WWZ couplings Agf (solid line), and (dashed line). 
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Figure 6: The Br[h — > ,37) vs. the CP violating WW^ coupling k^. The dashed horizontal lines 
correspond to the Icr CLEO measurement whereas the dotted lines are the la measurement 



from ALEPH |3|. 
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